gene expression analysis; NCI60 leukemia cell lines; cytokines GENOMIC TECHNOLOGIES INCLUDING expression arrays offer unprecedented opportunities to advance our diagnostic capabilities in human disease. The circulatory and lymphatic systems that flow through all parts of the body are the basis for blood being the most frequently sampled human tissue. It is within the field of oncology where, arguably, microarrays have made the largest clinical impact. In this venue they have been found sufficiently accurate to diagnose and classify acute lymphoblastic leukemia (ALL) subtypes as well as guide the selection of the most appropriate treatment modality (40, 51, 62) . This success has been facilitated by the fact that ALL is, at least initially, a clonal disease, and relevant sample (peripheral blood) is readily available. Microarrays have made a lesser impact in most other clinical situations where it is often not possible to readily biopsy the most relevant tissue.
Two general array-based strategies have been successfully applied to human diseases that utilize peripheral blood sampling. The more common approach has been to directly profile peripheral blood mononuclear cells (PBMC) or purified immunocyte subsets of cases and controls (46) . This approach relies on the fact that lymphocytes migrate to and from sites of injury/infection/inflammation as well as circulate through lymphoid organs and requires that a sufficient percentage of peripheral cells have transcriptionally responded in a diseasespecific manner to enable detection. The less common approach has been to use subject serum or plasma to induce gene expression in healthy, unrelated third-party PBMC (32, 45, 60) . In this application, the cells are used as reporters that sensitively respond to disease-associated factors present in the serum/plasma.
Previously, we reported that plasma of recent-onset (RO) Type 1 diabetes (T1D) patients induce a unique proinflammatory gene expression profile in fresh unrelated PBMC relative to that induced by plasma collected from healthy controls (HC) (60) . This signature included innate immunity genes and genes regulated by IL-1. These studies utilized samples collected during the first 6 mo postonset, a period termed the "honeymoon," during which there remains residual endogenous insulin production as well as ongoing autoimmunity toward the remaining pancreatic ␤-cells. The RO signature was distinct from that induced by plasma of unrelated HC, long-standing T1D patients, or patients possessing other inflammatory diseases (45, 60) . Presently, the detection of auto-antibodies toward ␤-cell antigens is the best prognostic indicator of T1D risk. Importantly, in the retrospective analysis of a limited number of longitudinal samples, the RO transcriptional signature was evident as early as five years prior to T1D onset, before detection of auto-antibodies (60) . Thus, our studies support the hypothesis that the peripheral cytokine milieu associated with autoimmunity toward the pancreatic ␤-cells is sufficient to induce a unique T1D-specific transcriptional profile in healthy responder cells; this signature reflects active autoimmunity, is disease specific, may improve disease prediction beyond islet auto-antibodies, and is potentially mechanistically informative (60) .
Applying this strategy to precious sample repositories as well as any future clinical application in T1D or other disease will require definition and control of the assay's variables. Among these is the influence of the responder cells. Our previous studies utilized fresh PMBC isolated from Ͼ15 healthy blood donors (60) . Despite the potential heterogeneity in the responsiveness of PBMC isolated from different donors, we found subject plasma within a given subject cohort to induce remarkably homogeneous profiles. However, we anticipate that eliminating or minimizing the heterogeneity in the responder cell used in assays conducted over time should result in greater sensitivity to detect early disease and better specificity to distinguish related inflammatory states. Furthermore, use of a single, widely available responder cell type would serve to standardize the approach, making results generated over time and across multiple laboratories more comparable than those of fresh PBMC collected from multiple donors or even multiple draws of the same individual.
While they differ from their native counterparts, cell lines derived from human tissues and tumors have been extensively used by laboratories for decades as models to study essentially all aspects of human biology (12, 21, 35, 38, 43, 44, 52) . The National Cancer Institute's Developmental Therapeutics Program has carried out extensive studies of 60 cancer cell lines (the NCI60) derived from a variety of tissues (50) (http:// dtp.nci.nih.gov). Based upon their myeloid and lymphoid origins, in this report, we evaluate the transcriptional responses of seven NCI60 cell lines as potential surrogates for fresh PBMC in our transcriptional bioassay.
MATERIALS AND METHODS
Subjects and subject characterization. Caucasian RO T1D patients (n ϭ 20) were recruited through Children's Hospital of Wisconsin. Diabetes was defined according to World Health Organization criteria and included blood glucose levels of Ͼ200 mg/dl with symptoms confirmed by a physician (1) . Samples of normoglycemic RO T1D patients were collected after stabilization on exogenous insulin (2-7 mo after diagnosis). Healthy Caucasian control (n ϭ 20) recruitment criteria included fasting blood glucose of Ͻ100 mg/dl, no familial history of any autoimmune/autoinflammatory disorder, Ͻ39 yr of age, and negativity for islet auto-antibodies at the 99th percentile (61) . All study subjects were free of known infection at the time of sample collection.
All peripheral blood samples were drawn by trained phlebotomists at Children's Hospital of Wisconsin. Peripheral blood was aseptically collected in acid citrate dextrose solution A (RO T1D and HC subjects) or KϩEDTA (healthy blood donors for responder PBMC isolation) anticoagulant, and components were immediately separated by Ficoll-Histopaque density gradient centrifugation. Plasma was stored at Ϫ80°C until use. Auto-antibody titers for glutamic acid decarboxylase (GAD), protein tyrosine phosphatase-2 (IA2), and insulin (IAA) were determined as previously described (61) . Genotyping of both HLA-DQA1 and HLA-DQB1 loci in all subjects was performed by direct sequencing of the second exon. HLA-DQB1 genotypes were determined with the SeCore DQB1 sequencing kit in accordance with the manufacturer's instructions (Invitrogen Life Technologies, Brown Deer, WI) and HLA-DQA1-DQB1 haplotypes were inferred using reported European Caucasian haplotype frequencies (34) . The study was approved by the Institutional Review Board (IRB) of the Children's Hospital of Wisconsin (IRB 01-15), and informed consent was obtained from parents/legal guardians. Subject characteristics are shown in Table 1 .
PBMC and cell line cultures. Seven myeloid/lymphoid cell lines (K562, chronic myelogenous leukemia; IM9, B-lymphoblastic leukemia; HL-60, acute myeloid leukemia; KG-1, erythroleukemia; CCRF-CEM, T-acute lymphoblastic leukemia; THP-1, acute monocytic leukemia; U-937, myelomonocytic lymphoma) were purchased from the American Tissue Culture Collection (Manassas, VA). These were selected on the basis of their original cell type, properties, and characteristics (Table 2) . Cells were grown in complete media per the provider's product information sheets with 100 U/ml penicillin and 100 g/ml streptomycin. The induction of gene expression was accomplished by culturing each of the seven cell lines for 6 h at 37°C in 5% CO 2 with pooled HC plasma or pooled RO plasma (n ϭ 20 individual plasma/pool). Cultures were prepared in a Costar 24-well plate (Corning, Corning, NY) using 500,000 cells/well in 400 l of RPMI 1640 medium plus 100 l (20%) plasma. When inducing gene expression in the cell lines with the RO and HC plasma pools, three independent replicates were generated for each experimental condition (each cell line was cultured in triplicate with the RO or HC plasma pool). When inducing gene expression in fresh PBMC, we generated three independent replicates with both the RO and HC plasma pools. When culturing fresh PBMC with individual plasma samples, we independently analyzed plasma of four RO and four HC subjects (members of the respective pools) as previously described (60) . After culture, the content of each well (independent replicate) was centrifuged, and the pellet lysed/resuspended by vortexing in 1 ml of TRIzol (Invitrogen).
RNA extractions and GeneChip analysis. Total RNA was extracted for each replicate; cRNA was synthesized, labeled, fragmented, and independently hybridized to the array in accordance to the Affymetrix GeneChip expression analysis technical manual (Affymetrix, Santa Clara, CA). The GeneChip human genome U133 plus 2.0 array was selected for these studies for its comprehensive coverage. In terms of controlling technical factors, 1) all cell lines were grown within a 1 mo period of time and challenged with aliquots of the same plasma pools; 2) RNA labeling and array hybridizations were conducted within a 1 mo period where array and labeling reagent lot numbers were controlled; and 3) RO and HC cultures for each cell line were analyzed in a paired fashion. After hybridization, arrays were washed and stained with Affymetrix fluidics protocol FS450_0001 and scanned with a 7G Affymetrix GeneChip Scanner. Image data were analyzed with Affymetrix GeneChip Microarray Suite software and normalized with Robust Multichip Analysis (http://www.bioconductor. org/) to determine signal log ratios. The statistical significance of differential gene expression and false discovery rates (FDR) were derived through a Rank Product algorithm available as an analysis package in R (25) .
Pathway enrichment analysis was performed with DAVID (Database for Annotation, Visualization, and Integrated Discovery) (13, 26) , which conducts an overrepresentation analyses of the functional gene categories detected relative to the total functional gene categories assayed by the array using the Gene Ontology (GO) project databases as references. Identification of genes belonging to regulated pathways common to the responses in PBMC, and the various cell lines also relied on ToppGene (Transcriptome Ontology Pathway PubMed based prioritization of Genes; Refs. 10, 11), which utilizes human gene annotations, mouse phenotype data, and literature cocitations for human complex disease candidate gene identification and prioritization. Hierarchical clustering was conducted with Genesis (58) and principal component analysis (PCA) was performed with Partek Genomics Suite (http://www.partek.com/). The data discussed in this publication have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) (19) and are accessible through GEO Series accession number GSE24147.
RESULTS
Our objectives in this study were to determine 1) whether plasma of RO and HC induced distinct transcriptional programs in the seven selected cell lines and 2) whether the gene expression signature induced by RO versus HC plasma in any of the evaluated cell lines shared identity to that observed when using freshly isolated PBMC as the responder cell.
An obstacle to studying human disease, in particular pediatric diseases, is sample availability and volume. This study, being one of assay development, necessitated that the transcriptional responses of each cell line be assessed with the same RO and HC plasmas while not depleting banked samples. Thus RO and HC plasma pools were created, each from the small contribution of 20 subjects (Table 1) . To ensure induced transcription was not related to elevated blood glucose levels, only plasma of RO subjects possessing normal blood glucose levels and histories of good glycemic control (HbA 1c : mean Ϯ SD : 7.5% Ϯ 1.01) were used in generating the pools.
Plasma pools recapitulate transcriptional patterns induced by individual RO and HC samples. To assess their validity, fresh PBMC of a healthy male Caucasian were cultured with the RO and HC plasma pools (in triplicate) to induce transcription as previously described (60) . These PBMC were also cultured with individual plasma samples of four RO and four HC (members of the RO and HC pools each analyzed a single time) as well as autologous (self) plasma. For either the pooled or individual conditions, the transcriptional responses of healthy PBMCs to HC plasma or RO plasma were normalized with those induced by autologous plasma. The objective of this study was to assess the transcriptional response of cell lines to RO and HC plasma, specifically, in their ability to capture the proinflammatory signature we previously observed when using fresh PBMC as responder cells. This signature consisted of 233 regulated probe sets (192 unique UniGenes) that exhibited a log 2 ratio Ͼ 0.58 (1.5-fold) and significance thresholds of P Ͻ 0.01 (Student's t-test) and FDR Ͻ 0.01 between the RO and HC groups (60) . Therefore, this subset of genes was used to assess the correlativeness of the transcription induced by the pooled plasma to that induced by 1) the four individual RO and HC plasmas cultured with the same PBMC of a single donor, as well as 2) the 16 RO and 16 HC plasma individually assayed on a total of seven different PBMC donors [i.e., the four RO and HC examined here as well as the 12 RO and 12 HC Relationship of baseline expression patterns to known histological origins and phenotypic characteristics. The RO and HC plasma pools were then used to induce transcription in seven cell lines (triplicate RO and HC cultures, three independent replicates per condition, six arrays total/cell line). Each of the seven cell lines possesses distinct features: K562, CCRF-CEM, and IM9 are of lymphoid origin, while HL-60, KG-1, U-937, and THP-1 are of myeloid origin. The cell lines also differ based on sex of the source patient, neoplastic disease from which they were derived, cell surface antigen expression, and other features ( Table 2 ). To determine whether the response of each cell line was related to one or more of its phenotypic variables, the gene expression profile induced by RO or HC plasma was compared across cell lines. Specifically, for each cell line, a ratio was calculated between the mean normalized intensity value of a gene across the triplicate samples and the mean expression of that gene across all cell lines (7 cell lines ϫ 3 replicates per cell line ϭ 21 data points). Next, the dataset was filtered to include only those transcripts that exhibited differential expression (|log 2 ratio| Ͼ 0.5) between the two conditions in at least two of the seven cell lines. Hierarchical clustering (not shown) did not reveal any relationship among the induced signatures based on common histological, phenotypic, or patient characteristics in response to either HC or RO plasma.
Next, from these two datasets of baseline expression ratios (in response to HC or RO plasma), a set of 49 genes was identified based upon previously known gene or cell surface antigen expression in one or more of the cell lines. In response to both RO plasma (Fig. 1A) and HC plasma (Fig. 1B) , the observed gene expression trends strongly correlated with those reported in previous studies. Moreover, this response was similar with either RO or HC plasma, indicating that transcriptional response of this subset of genes reflected the nature of the individual cell lines. Specifically, CCRF-CEM has been re- A white dot in a cell denotes the cell line in which maximum differential expression was observed for that gene across the 7 cell lines. The scale denotes fold of change relative to the mean normalized intensity value across all conditions. ported to express CD3, CD4, CD5, and CD7 (6) consistent with its observed overexpression of these genes relative to the other cell lines in the present study. As reported (47), we also observed increased expression of CD19, CD40, and CD86 and downregulation of CD38 in the IM9 cell line. Several HLA class I and class II genes were highly underexpressed in K562, consistent with its known lack of MHC expression (33) . Paralleling the known positivity of the KG-1 cell line for CD33, CD34, and CD96 (8, 35, 57) , we observed high expression of these genes relative to the other cell lines. In general, for this limited subset of genes, the exhibited expression trends observed here parallel the published literature and are consistent with their known cellular characteristics.
Cell lines display expression signatures that can distinguish RO from HC plasma. We examined the gene expression signature induced after culturing cells with RO versus HC plasma (the RO:HC ratio) for each of the seven cell lines. Gene lists were defined as those probe sets exhibiting a |log 2 ratio| Ͼ 0.5, (mean absolute 1.4-fold change between RO and HC inductions) and an FDR Ͻ 10%. The number of significantly regulated genes varied from a low of 63 genes in U-937 to a high of 759 in K562. Consistent with our observations with fresh PBMC (60), each cell line exhibited a distinct response when cultured with either RO or HC plasma (Fig. 2) .
Differential gene expression induced in cell lines exposed to RO and HC plasma is distinct from those observed in fresh PBMC.
To further assess the suitability of each cell line as a possible surrogate for fresh PBMC in detecting the inflammatory state associated with T1D, we examined the differential gene expression induced upon culture with RO versus HC plasma (the RO:HC ratio) for its concordance and correlation with those regulated when using fresh PBMC responder cells. For each condition (the 16 RO and 16 HC plasmas individually assayed on a total of seven different PBMC donors; the four individual RO and HC plasmas cultured with the fresh PBMC drawn from a single donor for this study; the pooled RO and HC plasma cultured with the fresh PBMC drawn from a single donor for this study; and the pooled RO and HC plasma cultured with each of the seven cell lines) genes meeting the thresholds of |log 2 ratio| Ͼ 0.5 and FDR Ͻ10% were identified and compared. Table 3 lists the number of commonly identified genes and the mean Pearson's correlation coefficients between signatures generated under each of the possible pairings of the various conditions.
When comparing all conditions to the signature induced by the independently analyzed 16 RO and 16 HC plasmas, we find that signatures generated with fresh PBMC identified more commonly regulated genes and exhibited higher correlations (Table 3 , first data column). Clearly, when the RO:HC ratios are examined, limitations of the pooling strategy are evident, as the signature of the RO and HC pools on fresh cells exhibited the lowest correlativeness among the conditions using fresh PBMC. The signatures generated on the cell lines exhibited little overlap and were even less correlative.
When comparing all the conditions to the signature induced by the RO and HC pools in fresh PBMC, we again observed the highest correlations with the other conditions where fresh PBMC were used (Table 3 , second data column). The highest number of commonly regulated genes induced with the plasma pools was observed with HL-60 (120/765), which also showed the best correlation coefficient among the cell lines (0.27). While HL-60 exhibited the second highest number of differentially expressed genes among the cell lines (n ϭ 640, Fig. 2) , a relationship between the number of genes differentially regulated by RO versus HC plasma in a cell line and its correlativeness with assays conducted on fresh PBMC cannot be drawn, as K562 regulated the highest number of genes (n ϭ 759, Fig. 2 ) yet shared little identity with signatures generated in fresh PBMC. Among the seven cell lines themselves, little identity was observed between the signatures generated in terms of the number of commonly regulated genes meeting the fold of change and statistical cutoffs. However, it must be noted that identity exists in the RO:HC signatures of U-937, KG-1, and HL-60, as reflected by the Pearson's correlation Fig. 2 . Each of the 7 cell lines display distinct expression signatures distinguishing the response of RO plasma and HC plasma. For each cell line, lists of differentially expressed genes were defined as probe sets exhibiting a |log2 ratio| Ͼ 0.5, (mean absolute 1.4-fold change between RO and HC inductions) and a rank product false discovery rate Ͻ 10%. Two-way hierarchical clustering was conducted using these gene lists differentially regulated in each cell line. The lineage of each cell line and the number of genes meeting the cutoff for differential expression are indicated below each cluster picture. For the U-937 cell line, 1 of the 3 RO samples was removed as it was flagged as an outlier during the initial QC analysis. The scale denotes fold of change relative to the intensity value across all replicates of each cell line. coefficients among these cell lines. This may be related to their common myeloid lineage.
One-way hierarchical clustering was conducted using the union of the differentially expressed genes identified when 1) the 16 RO and 16 HC plasmas were individually assayed on seven different PBMC donors, 2) the pooled RO and HC plasma were assayed on PBMC of a single donor, and 3) the pooled RO and HC plasma were cultured with each of the seven cell lines (n ϭ 2,888 genes) to identify groups of genes that may be similarly regulated across the various conditions (Fig. 3A) . This analysis shows that genes commonly regulated by the pooled and individual RO and HC plasmas in fresh PBMC, in general, are not regulated by the cell lines in the same manner. The analysis did reveal a group of genes that are upregulated in fresh PBMC as well as HL-60, KG-1, and U-937 as a function of being challenged with the pooled samples. This analysis also identified genes commonly regulated in fresh PBMC by both individual and pooled plasma, which likely represent the genes most reliably regulated by T1D plasma (those grouped at the top of Fig. 3A) . When we focus only on the 112 genes commonly regulated in fresh PBMC by both individual and pooled plasma meeting the statistical and fold-change thresholds (Fig. 3B) , it is clear that for this subset of genes the cell line signatures are highly distinct. From this subset of 112 genes, we identified only 22 genes (probe sets) that were significantly expressed in at least one of the seven cell lines (Fig. 3C) . Even among this select subset, no significant directional concordance across all cell lines was observed. Finally, the most highly regulated genes (n ϭ 10/cell line, in terms of fold of change and meeting the statistical threshold) within each cell line were extracted and subjected to one-way hierarchical clustering (Fig. 3D) . Again, none of the top differentially regulated genes showed any significant similarity to the expression trends observed when using fresh PBMC as responders.
To visualize the relatedness of the signatures generated among the seven cell lines as well as their similarity to the signature generated with fresh PBMC, we carried out PCA using the union of the differentially expressed genes identified among the seven cell lines and fresh PBMC (n ϭ 2,888 genes, Fig. 4) . The PCA plot reveals that all the cell lines exhibit distinct separation among themselves as well as from the fresh PBMC signature.
Comparison of highly enriched pathways across cell lines and fresh PBMC. For each of the signatures induced in the seven cell lines and fresh PBMC, pathway analysis was conducted using the DAVID pathway enrichment tool to identify significantly enriched GO Biological Processes and GO Molecular Functions (P Ͻ 0.01). Each of the seven lists of enriched pathway terms was compared with that of fresh PBMC challenged with RO and HC plasma independently or with the pools, with the objective of identifying commonly Each cell within the table provides the statistics pertaining to the 2-way comparison between the intersecting (top vs. side) conditions. a Total number of genes (percentage) commonly regulated between both conditions (RO:HC |log2 ratio| Ͼ0.5, false discovery rate Ͻ 0.10).
b total number of genes (percentage) commonly regulated under both conditions that are directionally concordant.
c mean Pearson's correlation coefficient between the 2 gene lists compared. PBMC, peripheral blood mononuclear cell. regulated pathways. With the exception of seven terms commonly identified (among a total of 188) when either fresh PBMC and HL-60 cells were challenged with the pooled RO and HC plasma, there were no pathway terms in common between the enriched pathways in fresh PBMC and any of the seven cell lines (data not shown).
To further explore potential commonalities in the responses of PBMC and the various cell lines to RO T1D and HC plasma, we employed ToppGene (10, 11) . ToppGene prioritizes genes based on functional similarity to a training gene list using gene expression, protein domains and interactions, transcription factor binding site and miRNA, ontologies, human disease and mouse phenotype, drug-gene associations, and literature cocitation. The analysis was conducted using training lists consisting of either 1) the 233 regulated probe sets (|log 2 ratio| Ͼ 0.58, P Ͻ 0.01, FDR Ͻ 0.01) originally identified when PBMC were cultured with individual RO and HC plasma (60) or 2) the 765 regulated probe sets (|log 2 ratio| Ͼ 0.5, FDR Ͻ 0.10) identified in this study when PBMC were cultured with pooled RO and HC plasma. When we compared the cell line signatures to that of the PBMC/individual plasma training set (Fig. 5A) , the number of significantly identified (P Ͻ 0.01) functionally related genes ranged from a low of three (U-937) to a high of 82 (THP-1). When we compared the cell line signatures to that of the PBMC/pooled plasma training set (Fig. 5B) , the number of significantly identified (P Ͻ 0.01) functionally related genes ranged from a low of six (U-937) to a high of 196 (K562). While prioritized genes identified within the K652 signature were largely directionally discordant relative to that observed in PBMC, selected genes related to immunological activation, signal transduction, and transcriptional regulation identified in the signatures of the other cells lines showed varying degrees of directional concordance (Fig. 5C ).
DISCUSSION
In T1D, the insulin-producing pancreatic ␤-cells and associated lymph nodes are the most relevant tissues, and aside from the laparoscopic pancreatic biopsies being conducted in Japan (28 -30) , in general, these tissues are inaccessible. In terms of peripheral blood-based biomarkers, clinical onset of T1D is preceded by the development of auto-antibodies toward islet antigens (4, 9, 60) . While the measurement of antibodies is certainly useful, the humoral immune response is thought to be secondary, appearing late during prediabetes (2, 14, 55) . Moreover, the observation of T1D development in severe hereditary B-cell deficiency suggests that auto-antibodies may not be required for either the initiation or the progression of T1D (39) at least in a subset of patients. Thus, development of more sensitive and informative biomarkers is a high priority. Treatment of most disorders has a higher likelihood of success when specific intervention can be made early in the disease process, and since T1D patients have lost an estimated 80% of ␤-cell mass at the time of diagnosis, reliable, disease-specific, preonset biomarkers are highly desirable. Moreover, as we move toward individualized medicine, better tools are needed to measure a patient's response to targeted therapies.
The two blood-based array strategies have both been applied to T1D (31, 60) . Kaizer et al. (31) reported the direct expression profiling of PBMC isolated from healthy controls versus T1D patients at diagnosis as well as at 1 and 4 mo postdiagnosis. These studies revealed, in patient PBMC collected at diagnosis, an expression signature that included IL1␤, similar to our studies that employed the alternative serum-based approach (60); however, it was reported to resolve by 4 mo postdiagnosis despite the fact that pancreatic ␤-cell destruction is ongoing during this time, prompting the authors to hypothesize that the at-onset signature in PBMC may be in part a direct or indirect consequence of hyperglycemia. We too have found it difficult to detect differences between the transcriptomes of PBMC collected from RO and HC during the months following onset after glycemic control has been established (60) .
We elected to investigate the plasma-induced transcription approach because 1) T1D pathogenesis involves a cytokinebased arm that kills pancreatic ␤-cells (22, 23, 54) ; 2) elevated peripheral IL-1 (␣/␤), IL-6, IL-8, IL-18, TNF-␣, CXCL10, and IFN-␥ levels have been reported in RO T1D cohorts (15, 20, 27, 41, 42, 48) ; and 3) although commercial ELISA kits offer sensitivities as low as pg/ml levels, the peripheral cytokine concentrations associated with T1D are generally too dilute for prognostic measurement by current technologies. Furthermore, in studying systemic onset juvenile idiopathic arthritis (SOJIA), Pascual et al. (45) observed that the gene expression differences between PBMC incubated with SOJIA vs. control sera were more robust than those observed between the direct gene expression profiling of case and control PBMC. Thus we reasoned that plasma-induced transcriptional profiling may be more sensitive in detecting the inflammatory state associated with T1D.
Collectively, our studies of T1D in humans as well as T1D in the BioBreeding rat model indicate that transcriptional signatures reflective of active autoimmunity are induced using plasma collected prior to T1D onset (32, 60) . These signatures appear to be mechanistically informative and show promise as a measure during therapeutic intervention. In our previous studies of human T1D, we used healthy, unrelated third-party fresh PBMC as responder cells. Prior to analyzing larger clinical cohorts we aim to limit the potential heterogeneity introduced by cells drawn from multiple blood donors. Here we have investigated the potential use of human myeloid and lymphoid cell lines as surrogates for fresh PBMC. Such lines are well established as powerful tools for the investigation of gene function, the dissection of signal transduction pathways, and the analysis of drug effects (16 -18) . While they are known to differ from both normal and cancerous tissue, we reasoned they may serve as a reproducible, reliable and widely available source of responder cells, provided 1) their transcriptional response was found distinct when cultured with RO vs. HC plasma and 2) the response mimicked, at least in part, that observed when using fresh PBMC.
Our results show that although there was no clustering among the induced signatures based on common phenotypic or lineage characteristics, expression trends in a set of key genes specific to each cell line paralleled the trends reported in the literature (Fig. 1) . Furthermore, within each cell line, there was Candidate gene prioritization with ToppGene was conducted for each cell line using the significantly regulated probe sets defined in Table 3 . Analyses were conducted with training lists consisting of either the 233 regulated probe sets [|log2 ratio| Ͼ 0.58, P Ͻ 0.01, false discovery rate (FDR) Ͻ 0.01] identified when PBMC were cultured with individual RO and HC plasma (60) (A) or the 765 regulated probe sets (|log2 ratio| Ͼ 0.5, FDR Ͻ 0.10) (B) identified when PBMC were cultured with pooled RO and HC plasma. The number of significantly identified (P Ͻ 0.01) functionally related candidate probe sets are indicated. In parentheses are indicated the total number of genes identified and the total number of unique genes identified. C: a selection of annotated genes related to immunological activation, signal transduction, or transcriptional regulation. Each of the 7 experimental conditions in this heat map is given a number (1 through 7) as indicated below the heat map. The numbers next to each gene symbol indicate the cell line/s in which that gene was differentially expressed. The scale denotes fold of change relative to the intensity value across all replicates of each cell line. sufficient power among the differentially expressed genes to distinguish the responses to RO plasma and HC plasma, although the number and identity of those genes varied across cell lines (Fig. 2) . Furthermore, at the gene level, the transcriptional programs induced in the cell lines by RO vs. HC plasma displayed low correlation and concordance with that induced in fresh PBMC (Table 3 ). The basis for this can be attributed, but not limited, to the facts that cell lines 1) are derived from hematological malignancies, 2) are not terminally differentiated, 3) have been shaped by the in vitro conditions under which they have been propagated, and 4) have been passed countless times over many years and thus have probably deviated significantly from normal blood cells (i.e., altered receptor repertoire and signal transduction pathways). However, using ToppGene, we observed functional relatedness between the genes regulated by RO T1D plasma in PBMC and the various cell lines.
This study has a number of limitations. First, the benchmark for the response of the cell lines were assays conducted using a fresh heterogeneous PBMC population consisting of a monocyte/lymphocyte fraction isolated from whole blood by density gradient centrifugation. Therefore, this fresh responder population was mixed, consisting of T cells, B cells, and monocytes. We are presently investigating the response of PBMC subpopulations in an effort to better characterize their individual contribution to the response observed in this bioassay. A second limitation is that this study used pooled RO and HC plasma instead of individual plasmas. Pooling of human samples, which can exhibit high heterogeneity compared with in-bred animal models or in vitro culture systems, is not ideal, especially for array studies that capture comprehensive data sets. However, our banked pediatric T1D samples represent a considerable recruitment effort and are limited in supply such that their extensive use in assay development cannot be justified. Therefore we used a small volume of plasma from numerous individuals to create two pools versus exhausting multiple individual samples and introducing intersubject heterogeneity in the examination of the cell lines. When using fresh PBMC as responder cells, we found the signatures induced by the plasma pools less correlative than those induced by individual plasmas; we attribute this result to outlying samples influencing the mean response observed with the pools. A third limitation is the age difference between the RO (7.2 Ϯ 1.5 yr) and HC (24.9 Ϯ 3.5 yr) subjects used in these studies. Age has been observed to influence peripheral cytokine/chemokine levels in both the elderly and the very young (5, 7, 24, 37, 53) . In our previous report (60) , the "signaturepositive" RO cases (5.5 Ϯ 1.3 yr) were also younger than the "signature-negative" unrelated healthy controls (18.1 Ϯ 4.3 yr). However, in that study, we also examined healthy agematched at risk siblings of probands that possessed one or more islet auto-antibodies, where we observed a mixture of signature-positive and signature-negative subjects, supporting that the inflammatory signature was not age related. Furthermore, we examined longitudinal samples collected from progressors to T1D, where we observed a crescendo in the inflammatory signature as subjects approached onset, spanning the gap in age between the cross-sectionally studied cases and controls, again associating the proinflammatory signature induced in healthy PBMCs by RO plasma with disease not age. However, it is possible that the cell lines examined here express different receptors or utilize different signal transduction pathways allowing them to recognize ligands to which fresh healthy PBMC do not respond, some of which may be found in different concentrations in younger versus older subject plasma. Thus it cannot be excluded that some of the differential gene expression induced by RO and HC plasma in the various cell lines may be age related.
Our ongoing efforts include the evaluation of other lymphoblastoid cell lines (49) and viably frozen mixed PBMC populations that are now commercially available. These are collected from highly characterized blood donors by aphaeresis, thus billions of cells are harvested during a single draw and are rapidly processed for high viability. Cryopreserved PBMC have been found to be suitable in assessment of immunological markers in children with T1D (3), and studies have reported that such PBMC maintain functionality and cytokine production after cryopreservation (36, 56, 59) .
Overall our results thus far suggest that fresh PBMC as well as myeloid and lymphoid cell lines have exquisite sensitivity to sense their environment and transcriptionally respond in a specific manner. In this sense, all seven of the cell lines could distinguish RO and HC plasma and thus have the capacity to serve as a biosensor. However, relative to a fresh, mixed PBMC population, the transcriptional response generated from each of the cell lines is distinct, each possessing varying degrees of functional relatedness.
